The ARIDFLO project takes a multi-disciplinary approach to the collection and analysis of data required to formulate appropriate environmental flow requirements for rivers in the Lake Eyre Basin. The key drivers of the ecological processes underpinning the health of these rivers are identified by modelling wholeof-ecosystem biological responses to hydrological events over a range of spatial and temporal scales. First, the hydrology of these poorly gauged (often ungauged) rivers needs to be modelled and validated to mimic real flow and inundation patterns at the catchment, reach and waterbody scale. Modelled and actual discharge data are then used to provide a suite of hydrological predictor variables which, in conjunction with other environmental variables, are used to model observed biotic responses. The key hydrologic and environmental drivers identified by the statistical models need to be taken into account when determining environmental flow requirements for these river systems. Further work is required to assess the predictive power of the models in the highly variable, complex systems of the Lake Eyre Basin rivers.
Introduction
The increasing demand for water resources is resulting in attention being directed at the unregulated, and hence sometimes referred to as "wild", rivers of the arid zone. The rivers of the Lake Eyre Basin (LEB) are unregulated, have highly variable flow regimes and retain high levels of ecological health. However, little is known of the hydrology-ecology relationships operating within these rivers although spectacular booms and busts of fish (Puckridge et al., 2000) and waterbirds (Kingsford et al., 1999) have been observed during major flood cycles. Understanding the ecosystem processes at work in the rivers of the LEB is a challenging task due to the inherent complexity and both seasonal and interannual variability of the flow regime of these rivers and their associated biological responses. There is also paucity of biological and discharge data for these systems.
Improved understanding of the ecological functioning of the rivers of the LEB is critical as land and water resource managers seek to balance the environmental needs of the rivers with current and future demands on their water resources. The ARIDFLO project was instigated to help fill this gap in knowledge of these river systems. It has been a collaborative project between the South Australian Department of Water Land and Biodiversity Conservation, Queensland Environmental Protection Agency/Parks and Wildlife Service, Queensland Department of Natural Resources and Mines and the University of Adelaide. The project has been funded through the Natural Heritage Trust as part of the Environmental Flows Initiative operated by Environment Australia.
This paper describes the survey and modelling design of the ARIDFLO project and presents some initial results from modelling of one biological measure of the hydrology-biology relationships being examined in this study. A companion paper at River symposium 2002 (Gee et al., 2002) presents initial results from a second approach to modelling of biological responses to flow events. We aim to demonstrate that the definition of environmental flow requirements of LEB rivers requires an understanding of the ecological functioning of the LEB rivers. This is a complex task that requires a multi-disciplinary, multi-scale approach and the collection of both hydrological and biological data over a suitably long time-frame that can encompass much of the variation observed in flow events and their biotic responses.
Project methodology

Sampling regime
The ARIDFLO project collected large amounts of biological, hydrological and geomorphological data. These data, with appropriate interpretation, provide a critically important baseline on the ecological health, biodiversity and processes at work in the fluvial aquatic ecosystems of the LEB. The biological survey encompassed much of the food chain, namely algae, zooplankton, macroinvertebrates, fish, waterbirds and vegetation. The survey methods and biotic parameters derived from field samples and observations are shown in Table 1 . All biotic groups were identified to species level. The LEB has an area of 1,140,000 km 2 (Kotwicki, 1986) and includes large iconic river systems such as Cooper Creek (catchment area 306,000 km 2 , river length 1,500 km) and Diamantina River (catchment area 160,000 km 2 , river length 1,000 km). In order to encompass the spatial diversity of the LEB rivers, five reaches spread over three river systems were sampled, including upstream and downstream areas of two of the major rivers of the LEB, Cooper Creek and Diamantina River (Figure 1 ). In addition, a smaller ungauged river (Neales River) from the western LEB was also sampled. This spatial sampling structure allows for comparisons between upstream and downstream reaches within a river catchment, between catchments and also between major river systems and smaller systems. The inclusion of the Neales River also allows for the methodology to be tested on an ungauged river system with no previously recorded hydrological data, a common situation for many Australian arid zone rivers. At each reach between 6 and 12 waterbodies were sampled, representing a range of morphological and flow regime characteristics for each of the river reaches. These included permanent waterholes on main channels, more ephemeral waterbodies along secondary channels, lakes and floodplain waterbodies. Over the course of the project, 50 different waterbodies were sampled although, due to access problems or impermanence, not every waterbody could be sampled each field trip.
Field observations covered two years and involved six field trips at intervals of approximately four months (April; August; December 2000, April; November 2001, March-April Figure 2 ). The temporal span of the study has been increased by encompassing the sample sites and methodologies of an earlier (1987) (1988) (1989) (1990) (1991) (1992) five-year study (DRY/WET) of the aquatic fauna at one of the river reaches, the Coongie Lakes wetlands of Lower Cooper Creek. The ARIDFLO project used the same sampling techniques for some of the biotic groups as used in the DRY/WET project. This allowed for hypotheses generated from the DRY/WET study (Puckridge et al., 1999) to be tested against data from a different period and over different reaches and river systems within the basin. Time-series of discharge data were required for each of the sampled waterbodies in order to relate the biological data to the short and medium term flow history at the waterbody scale. As the rivers of the LEB are sparsely instrumented and gauged, a substantial field program of hydrological data collection was conducted to parallel the biological sampling. This involved installing automatic depth loggers at a number of the sampled waterbodies, taking gaugings of flow whenever possible and measuring cross-sections of all the sampled waterbodies. These observations were used in the calibration of hydrological rainfall-runoff models developed for each reach, while some field data provided direct hydrological variables (e.g. waterbody depth and flow velocity) for use in the hydrology-biology modelling. The provision of a time-series of discharge data at each sampled waterbody required the development of rainfall-runoff-routing models for each of the five river reaches sampled in the project. The hydrological models consisted of grid-based, conceptual water balance models and more details are provided in Costelloe et al. (in review) . Where well-rated gauging station data were available at the upstream end of the reach (Upper and Lower Cooper, Lower Diamantina) these data were used as input to the model, in addition to gridded rainfall. This provided a control on possible modelled streamflow errors between reach models. Gauging station data at the lower ends of the modelled reaches were available in two cases (Upper Cooper, Upper Diamantina) and used in the calibration of these models. Reach models without gauging station data available for calibration of model output used other data for their calibration (Neales, Lower Diamantina, Lower Cooper). These data included the time-series of water level data from automatic loggers, opportunistic flow gauging measurements, local information from pastoral managers and satellite images of flow patterns and flood extents. The model parameter values derived from calibration of the instrumented reaches were also used as the starting point in the calibration process of the ungauged reaches.
Hydrology-biology modelling
The ARIDFLO project broadly adopts the approach developed by DRY/WET (Puckridge et al., 1999) . A large number of hydrological environmental variables measured at the waterbody scale and fewer environmental variables provide the candidate predictor data set for modelling biotic responses (Table 2) . These independent variables were assessed for redundancy to reduce problems of multicollinearity (Zar, 1984) . The predictor variables consist of over 90 parameters describing recent flow events, the medium term flow history (flow regime), geomorphology, vegetation, physical chemistry and seasonal factors (Table 2) . Four main statistical techniques were evaluated for testing the biotic responses to hydrological and other influences, these being: • ordinary least-squares (OLS), multiple regression • multivariate analysis (MVA: cluster analysis and ordination) • artificial neural networks (ANN) • restricted maximum likelihood estimation (REML)
Because of the hierarchical nature of the survey design, and with repeat visits to many waterbodies, REML was chosen as it allows for modelling random and fixed effects, with nesting. The unbalanced survey design does not allow the use of ANOVA techniques. Preliminary analysis of macroinvertebrate species richness is provided to illustrate the REML modelling approach. Modelling of macroinvertebrate species richness was undertaken at three spatial scales, namely river, reach and whole of basin. Because fitting many predictor variables was attempted, hydrological variables were included at the conservative significance level of 0.01. An example of the OLS and ANN modelling approach and results is provided in Gee et al. (2002) .
Results
Two sets of preliminary results are presented that illustrate the temporal and spatial variability of biological responses to hydrological events in the rivers of the LEB. The first set of results deals with changes in the fish assemblage in the Coongie Lakes (Lower Cooper) reach between the periods covered by the DRY/WET study (1986) (1987) (1988) (1989) (1990) (1991) (1992) and the ARID-FLO (2000 -2002 . These changes are best demonstrated by changes in abundance for two species, the native species Ambassis mulleri (Muller's glassfish) and the exotic species, Carassius auratus (goldfish). Only four glassfish were caught in the 2 m seine sampling and from only one site during the 1986-1992 period (25 trips, 179 sampled sites). In comparison, 384 of this species were caught by the 2 m seine sampling during the 2000-2002 period (6 trips, 44 sampled sites) from 26 sites spread over all trips. In contrast, goldfish were caught at 40 sites out of a total of 85 (in 15 of 16 trips) that were sampled by day-time fyke nets during the 1986-1992 period but only a single specimen was caught by the same gear during the 2000-2002 period. The second set of results presents variations in the total species richness of macroinvertebrates for each reach over the six field trips (Figure 3) . The general pattern is for peaks in species richness to occur in the different reaches on trips 2 and 4, following the flood peaks of events in 2000 and 2001 respectively. The Neales shows an "offset" to this pattern whilst the Upper Diamantina has significantly lower species richness than the other reaches. Hydrological parameters significantly correlated with macroinvertebrate species richness (at the p = 0.01 level) by REML modelling are shown in Table 3 .
Discussion
Significant changes in the fish assemblage of the Coongie Lakes measured by the DRY/WET (1986) (1987) (1988) (1989) (1990) (1991) (1992) and ARIDFLO (2000 ARIDFLO ( -2002 studies demonstrates the temporal variability that can occur in these river systems. The Lower Cooper has a species pool of only 14 fish species (12 native, 2 exotic) so changes in relative abundances of one or two species can have a marked effect on modelling changes in species richness over time. The achievement of robust quantitative predictions for all but the most common species is difficult (Gee et al., 2002) , due to the variability of the river system and complex of factors that affect fish abundance and recruitment in the Coongie Lakes. This result emphasizes the need for long-term studies on these river systems in order to observe shifts in species 
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Aug00 Dec00 Apr01 Nov01 Apr02 Figure 3 Total reach-scale macroinvertebrate species richness composition. Understanding changes and controls on the abundance of exotic species, such as Carassius auratus, in unregulated rivers is particularly important if the control on the abundance and spread of exotic species in the fish assemblage is a key defining aim in developing environmental flow requirements for these systems.
For the REML modelling of the macroinvertebrate species richness, random terms could be fitted in most cases and so the statistical formulation of REML models was considered robust. The exception was in the Queensland reaches, where small sample size and limited replication precluded sensible estimation. However, as the significant hydrological predictors varied greatly between reaches, it is difficult to interpret the results and, with so many potential candidates to choose from, caution is warranted. Of all candidate variables, the type of microhabitat affects species richness most pervasively, bare habitats being the poorest and flooded meadows and ephemeral herbs the richest. Linked to these factors, physical chemistry proved influential in the reach that experiences the most extreme variability in water quality (Neales, SA). Hydrology obviously has an indirect influence on these sorts of environmental variables. Only one flow variable was included in more than one reach model, namely the duration of flow recession two flood events previously, and its effect (negative) was consistent in two reaches on different rivers. Generally, the magnitude of current flow conditions (size of flood, monthly discharge total, duration of present falling pulse) was positively correlated with a higher diversity, while hydrological variables measuring the size of previous events tended to have a negative influence. This result is consistent with the notion that flow variability through time is linked to higher biological diversity and that bursts of macroinvertebrate diversity follow large flood events. It is uncertain if the negative correlation with the previous flood events can be interpreted as smaller prior floods enhancing the conditions for the burst in macroinvertebrate diversity or simply reflecting that the large floods of 2000 were generally preceded and proceeded by smaller floods.
The modelling of five river reaches with differing hydrological and environmental characteristics allows for the spatial diversity of responses to flood events to be better explored by employing inter-reach and inter-catchment comparisons of results. The separate REML models operating at the reach, catchment and basin scales identified different significantly correlated parameters. However, common groupings of parameters, such as the parameters measuring the magnitude of flow conditions current at the time of sampling, can be identi- Table 3 Significantly correlated hydrological parameters from REML model of macroinvertebrate species richness (p = 0.01)
Spatial scale Parameter
All reaches Log 10 of water conductivity (-), maximum depth two events ago ( Total volume of flood two events ago (-), duration of falling limb two events ago (-), water temperature (-), log 10 of water conductivity (+), log of (water conductivity) 2 (-), pH (-) fied that suggest similar biological responses to the flow events are occurring in many of the different reaches. In contrast, the influence of physico-chemical parameters for the Neales reach signals that water quality processes may be more influential in structuring macroinvertebrate diversity in that catchment. The identification of both basin-wide and reach-specific processes important in structuring each biotic group provides important information for determining environmental flow requirements in the different river systems of the LEB.
Conclusions
The ARIDFLO project is ambitious in scale, sampling across a significant portion of a major basin. The only comparable Australian biological survey in spatial and temporal scale is the NSW Rivers Survey (Harris and Gehrke, 1997) but that project examined only the fish assemblage. By near-simultaneous sampling of a large part of the aquatic food chain from five widely spaced reaches on three river systems over six field trips (encompassing three flood seasons), ARIDFLO provides a unique database with a high taxonomic resolution that allows inter-reach and inter-catchment comparisons of biological responses to flow events through space and time.
The very large database collected and compiled during the project provides an extensive baseline with which to assess the current health and biodiversity of the rivers of the LEB. The improved understanding of hydrology-biology relationships in these rivers also provides insights into effective monitoring strategies to assess the ongoing health of the rivers into the future. The ARIDFLO project provides a model for the data gathering and improved understanding of other Australian and international arid zone river systems and basins, particularly those with little in the way of pre-existing biological or hydrological data.
The results of the ARIDFLO project will provide land and water resource managers, and other stakeholders, with a number of qualitative modelling tools that describe the relationships and processes controlling the biotic responses to hydrological events, long-term flow regime controls and seasonal factors. In addition, the project evaluates the suitability of quantitative modelling of hydrology and biological responses, in such a variable system, for the assessment of the environmental impacts of various water use scenarios. Analysis of ARIDFLO data to date suggests that, given the hydrological variability of arid zone rivers, biological response models will need to be further trialled and calibrated using comparable data sets from different arid-zone rivers and time periods before these models can be considered to have predictive power.
